Introduction
The timing of S and M phases is determined by oscillations in the level of cell cycle stage-specific cyclin-CDK complexes, which are caused at least partly by the periodic synthesis and degradation of cyclins. Entry into M phase is caused by the appearance of active cyclin B-CDK complexes, whereas exit from M phase depends on their disappearance (Nurse, 1990; King et al., 1994) . During the first half of M phase, duplicated chromosomes condense and become attached via their kinetochores to mitotic spindles emanating from organizing centers (known as centrosomes or spindle pole bodies) at opposite poles of the cell (reviewed by Ault and Rieder, 1994; Koshland, 1994) . They then move to a plane that bisects the spindle, known as the metaphase plate. The latter movement, known as congression, is not an obligatory process and indeed does not occur in certain fungi. Sister chromatids remain attached to each other throughout this phase. A key transition then follows, sisters split and move to opposite poles due to two types of force exerted by the spindle: attraction of sister kinetochores toward opposite poles, known as anaphase A, and repulsion of the poles themselves, known as anaphase B (Hyman and Mitchison, 1991; Mitchison and Salmon, 1992; Skibbens et al., 1993) . Upon completion of anaphase, mitotic spindles disassemble, chromosomes decondense, and nuclei reassemble (in animal and plant cells but not in fungi, in which nuclei remain intact throughout mitosis).
It was thought until recently that the metaphase to anaphase transition might be triggered by destruction of B-type cyclins . This theory was based on the observation that deletion of a degenerate nine amino acid motif, RxxLxxxxN, within the N-termini of B-type cyclins, known as the destruction box, prevents their proteolysis and causes cells to arrest in a state resembling metaphase (Glotzer et al., 1991) . However, subsequent work suggested that a lack of B-type cyclin degradation hinders not entry into but exit from anaphase (Holloway et al., 1993; Surana et ai., 1993) . For example, expression of a version of the CLB2 B-type cyclin lacking its destruction box causes yeast cells to arrest with intact mitotic spindles and segregated chromosomes.
Nondegradable B-type cyclins cause extracts from Xenopus eggs to arrest in a state in which the corresponding wild-type proteins are unstable and are rapidly ubiquitinated (Glotzer et al., 1991) . It is therefore thought that proteolysis involves reiterated ubiquitin conjugation and subsequent degradation by the 26S proteasome. The finding that ubiquitination of a cyclin B peptide containing a destruction box is specific to extracts from mitotic cells (in clam extracts) suggests that cell cycle control of proteolysis could be due to changes in the activity of specific ubiquitin conjugation enzymes and not due simply to changes in the state of the cyclin substrate (Hershko et al., 1994) . We know next to nothing about the process by which cyclin B proteolysis is initiated during anaphase, except that it requires prior activation of cyclin B-CDKs (F~lix et al., 1990) .
Mutations in a gene encoding an ubiquitin-conjugating enzyme, UBC9 (Seufert et al., 1995) , and in the genes for various proteasome subunits (King et al., 1994) have been reported to cause yeast cells to arrest in G2 or M phase. However, it is not known whether this is caused by a failure to degrade B-type cyclins. All genetic approaches to mitotic cyclin degradation are beset by the problem that cyclin proteolysis is inactive for much of the cell cycle. It is therefore impossible to distinguish mutants that are genuinely defective in cyclin proteolysis from those that merely arrest at stages of the cell cycle during which proteolysis is switched off.
Destruction box-mediated proteolysis of the CLB2 mitotic cyclin in yeast is not confined to a short phase at the end of mitosis, but continues during the ensuing G1 period until reactivation of the CDC28 kinase due to accumulation of the G1 cyclins CLN1 and CLN2 (Amon et al., 1994) . The persistence of CLB2 proteolysis during G1 has the important implication that it is possible, by depriving cells of CLN cyclins, to generate synchronized yeast cultures in which all cells are active for proteolysis.
In this paper, we utilize this property to isolate mutants defective in CLB2 proteolysis. We describe the identification of three genes necessary for cyclin proteolysis: CSE1, whose function is unknown, and CDC16 and CDC23, which encode tetratricopeptide repeat (TPR) proteins that are part of a multisubunit complex needed for the onset of anaphase. CDC23 and to a lesser extent CDC16 have at were grown in Met= Raf* medium and arrested in G1 phase in the presence of methionine for 3 hr at 25°C (-Gal). CLB2 and CLB2ADB synthesis was then induced in the presence of methionine by galactose for 2 hr at either 25°C or 37=C. (A) Western blotting measuring CLB2 protein levels.
(B) DNA content and budding index.
least two functions: they are needed for sister chromatid separation at the metaphase to anaphase transition and for cyclin destruction during anaphase and GI. Because B-type cyclin proteolysis per se is not needed for the metaphase to anaphase transition, we speculate that CDC16 and CDC23 may orchestrate the proteolysis during anaphase not only of mitotic cyclins but also of proteins whose degradation is needed for sister chromatid separation. We show that the proteolytic machinery that degrades CLB2 is switched on in early anaphase, but a fraction of CLB2 and its associated CDC28 kinase activity remains protected from proteolysis until anaphase is complete.
Results

A Screen for Mutants Defective in Cyclin Destruction
Due to a half-life of less than 1 min, CLB2 protein cannot accumulate in cells arrested in G 1. Deletion of the destruction box of CLB2 (CLB2ADB) causes at least a 10-fold increase in its half-life and allows protein accumulation (Amon et al., 1994) . Because a full-length CLB2-LacZ fusion protein behaves in a similar manner, we were able to use I~-galactosidase activity as a measure of CLB2 stability. To screen for mutants impaired in CLB2 proteolysis, we integrated a single copy of the CLB2-LacZfusion under the control of the GALI-IO promoter in a clnl, cln2, cln3 deletion strain kept alive by expression of CLN2 from the methionine-repressible MET3 promoter (pMET-CLN2; Amon et al., 1994) . Proliferating cells from this strain can be arrested in G1 by addition of methionine and then later induced to synthesize CLB2-LacZ by the addition of galactose. Parental strain colonies remain white in the presence of the chromogenic substrate X-Gal, but a congenic strain expressing CLB2ADB-LacZ turns blue.
Following mutagenesis, colonies grown at 25°C in the absence of methionine and galactose were first transferred by replica plating to filters and placed on medium containing methionine. After this had caused the cells to arrest in G1, the filters were transferred to plates containing both methionine and galactose and incubated at 37°C. By this means, we hoped to isolate mutants that had temperature-sensitive CLB2-LacZ degradation defects. After screening 150,000 clones, we obtained around 60 mutants that formed blue colonies. We chose to further characterize six mutants that had temperature-sensitive defects in cell cycle progression even in the absence of galactose, which were shown by tetrad analysis to be tightly linked to the blue phenotype. Mutant cells ceased cell division rapidly after a temperature shift and arrested as large budded cells with a 2N DNA content, indicating that they had G2 or M phase defects.
Complementation analysis showed that the six temperature-sensitive mutations were located in three genes, which were cloned by rescuing the lethality of the mutants with plasmids containing a library of yeast DNA fragments. In each case, lethality was suppressed by a single genetic locus, which was later shown to be linked to the original mutation. We found that we had isolated novel alleles of three previously characterized genes: CDC16, CDC23, and CSEI. CDC16 and CDC23 encode proteins with TPR motifs that associate with the product of the CDC27 gene to form a multiprotein complex necessary for the onset of anaphase (Lamb et al., 1994) . The CSE1 gene was originally identified through mutants with defective chromosome segregation (Xiao et al., 1993) .
CLB2 Proteolysis Depends on CDC16, CDC23, and CSE1
cdc16-123, cdc23-304, and csel-22 mutants carrying pGAL-CLB2 instead of pGAL-CLB2-LacZ were obtained by genetic crosses. All three mutations allowed CLB2 protein to accumulate in CLN-deprived cells incubated at 37°C to levels that are comparable to those obtained with CLB2ADB in wild-type cells ( Figure 1A ). CLB2 accumulation was temperature-dependent in cdc16-123 mutants but occurred even at the permissive temperature in cdc23-304 and csel-22 mutants. Fluorescence-activated cell sorting (FACS) analysis showed that mutant cells were arrested in G1 prior to galactose induction but thereafter, unlike wild-type, they started to replicate DNA ( Figure 1B were grown in minimal medium plus raf, arrested in G1 at 25°C with ct factor for 150 rain, and shifted to 37°C for 20 rain. Galactose was added, and cells were incubated at 37°C for another 20 rain. Cells were pulsed by a 5 min incubation with [:~S]methionine and chased by the addition of a large excess of cold methionine (2 mM) and glucose (20/0) at 37°C. Samples were taken at 0, 2, 4, 10, and 20 rain after addition of cold methionine. CLB2 protein was immunoprecipitated with CLS2-specific antibodies. The graph shows a quantitation of the amount of CLB2 protein. Cells remained arrested in G1 as judged by FACS analysis (data not shown).
(B) A cdc28-4 strain containing three copies of pGAL-CLB2 (K4553) and a cdc28-4 cdc23-1 strain containing one copy of pGAL-CLB2 (K4484) (both MATa bar::hisG) were arrested and pulse-chased as described in (A). CLB2 protein was immunoprecipitated.
(C) Wild-type and mutant strains (all MATa barl::hisG and carrying a pGAL-SWl5 construct) were arrested and pulse-chased as described in (A). SWl5 protein was immunoprecipitated. The graph shows the relative amounts of SWl5 protein.
due to the CLB2 protein accumulation, because also CLB2ADB causes wild-type pheromone-arrested cells to enter S phase without budding (Amon et al., 1994) . We also analyzed the phenotype of preexisting cdc16 and cdc23 alleles, cdc23-1 mutants accumulated CLB2 protein at both temperatures, whereas cdc16-1 mutants failed to do so at either temperature (data not shown).
We compared the half-lives of CLB2 protein in wild-type and mutant cells by pulse-chase experiments. Cells were arrested in G1 by treatment with pheromone at 25°C, shifted to 37°C, and then induced to transcribe CLB2 by addition of g alactose. After a 20 min induction, cells were pulsed with [3~S]methionine for 5 rain, and then chased with a large excess of cold methionine. The short preinduction and chase periods ensured that cells remained in G1 for the course of the experiment. The half-life of CLB2, which was 1 rain or less in wild-type cells, was increased to 25 rain or more in cdc16-123, cdc23-1, and csel-22 mutants ( Figure 2A ). The cdc23-1 mutation increased the half-life of CLB2 to 10 min even at 25°C (data not shown).
We can exclude the possibility that the mutants merely increase CLB2 synthesis, which is itself capable of overwhelming CLB2 proteotysis (A. Amon, unpublished data). All pulse-chase experiments were performed soon after induction of CLB2 synthesis, long before CLB2 protein became abundant. Indeed, overexpression of CLB2 from three copies of GAL-CLB2 does not alter the half-life of CLB2 under these conditions, i.e., shortly after galactose induction (data not shown). Furthermore, we find that CLB2 protein is stabilized by the cdc23-1 mutation, even when the CDC28 kinase has been inactivated by the cdc28-4 mutation ( Figure 2B ), which prevents induction of S phase. Similar results were obtained with the cdc16-123 mutant (data not shown). Destruction box-mediated proteolysis of CLB2 is not dependent on CDC28 in G1 cells (Amon et al., 1994 ; Figure 2B ).
Specificity of the CLB2 Proteolysis Defect
To determine the specificity of proteolysis defects in cdc16-123, cdc23-1, and csel-22 mutants, we compared the half-lives of other unstable proteins in mutant and wildtype strains. The transcription factor SWI5 is like CLB2, relatively stable during S and G2 phases but unstable during G1 phase (Tebb et al., 1993) . Figure 2C shows that the 8 rain half-life of SWI5 in pheromone-arrested cells is not significantly altered in cdc16-123, cdc23-1, or csei-22 mutants. To test whether these mutants are impaired in N-end rule protein degradation, we compared mutant and wild-type cells with respect to their 13-galactosidase activities produced from ubiquitin-i~-galactosidase gene fusions of varying stability (Bachmair et al., 1986) . Enzyme levels were similar in wild-type and mutant cells (data not shown). Finally, we found that none of the mutants had a significant effect on the half-life of the S-phase cyclin CLB5 in pheromone-arrested cells (data not shown). It is therefore unlikely that CDC16, CDC23, and CSE1 encode general components of the ubiquitin/proteasome degradation system. We tested other cdc mutants for possible defects in CLB2 proteolysis. Neither cdc34-2, cdc15-2, nor cdc27-1 mutants accumulated CLB2 protein in Gl-arrested cells at 37°C nor did G1 cells treated with the microtubuledepolymerizing drug nocodazole (data not shown). (Lamb et al., 1994) . Expression of high levels of nondegradable CLB2 (Surana et al., 1993) or very high levels of CLB1 and CLB3 (Stueland et al., 1993) blocks exit from anaphase, but not its onset. It does not therefore seem likely that the metaphase arrest of cdc16-123 and cdc23-1 mutants could be due to defective CLB proteolysis, even though they do arrest with high levels of CLB2 (data not shown). We noticed, however, that asynchronous cultures of cdc23.1 cells do not arrest uniformly when shifted to the restrictive temperature ( Figure 3A) . After 3 hr, 90% of the cells arrest in metaphase, but about 10% arrest in telophase after having segregated their chromosomes, which is reminiscent of cells expressing nondegradable CLB2. However, the spindles appeared to be broken in most of these telophase cells.
We then incubated at 37°C a pure population of unbudded G1 cdc23-1 cells isolated by centrifugal elutriation. All cells budded, replicated their DNA ( Figure 3C ), formed mitotic spindles, but failed to initiate anaphase, even after prolonged incubation ( Figure 3B ). In contrast with an asynchronous culture, no cells with segregated chromosomes were found. Fluorescence in situ hybridization (FISH) analysis showed that sister chromatid sequences proximal to the centromere of chromosome XI did not separate, as opposed to a wild-type culture, in which cells underwent normal anaphase ( Figure 3D ). The mixed phenotype of asynchronous cultures is therefore unlikely to be due to leakiness of the cdc23-1 mutation. If all cells start in G1, then all arrest permanently at the metaphaselanaphase boundary. These data suggest that CDC23 might be needed for at least two transitions during the cell cycle: from metaphase to anaphase and from telophase to G1.
CLB2 Proteolysis during Anaphase Depends on CDC16 and CDC23
cdc16-123 and cdc23-1 mutants are hypersensitive to increased CLB2 expression at the permissive temperature. Induction of a single integrated copy of GAL-CLB2 can be tolerated by wild-type cells, but it causes cdc16-123 and cdc23-1 mutants growing at 25°C to arrest in late anaphase with segregated chromosomes and extended mitotic spindles ( Figure 4A ). Induction of a single copy of GAL-CLB2ADB or three copies of GAL-CLB2 causes a similar arrest in wild-type cells. These observations allowed us to test whether cdc16-123and cdc23-1 mutants also affect CLB2 proteolysis during anaphase. Mutant and wild-type cells arrested at 25°C in late anaphase due to GAL-CLB2 or CLB2/IDB induction were shifted to 37°C in medium containing glucose, which represses CLB2 synthesis, and cz-factor pheromone for arresting cells in the ensuing G1 period. In wild-type cells, CLB2 protein disappeared rapidly ( Figure 4B ) and cells disassembled their mitotic spindles ( Figure 4C ) and completed cell division, which was monitored by FACS analysis of the DNA content per cell (data not shown). CLB2ADB was more stable and completion of cell division was clearly delayed in cells arrested by CLB2ADB, but most cells nevertheless eventually entered GI. CLB2 protein was slow to disappear in cdc16-123 mutants and was completely stable in cdc23-1 mutants ( Figure 4B ). cdc23-I mutant cells did not emerge from their anaphase arrest, but most cdc16-123 cells slowly entered G1 ( Figure 4C ). The finding that cells containing CLB2•DB protein slowly exit from mitosis, whereas cdc23-1 mutants never do, could be due to the greater stability of CLB2 and reduced proteolysis of other mitotic cyclins in cdc23-1 mutants. We conclude that CDC23 and to a lesser extent also CDC16 are needed for CLB2 proteolysis not only during G1 but also during anaphase.
cdc23-1 ubc4,4 Synthetic Lethality
A role for CDC23 in proteolysis is further supported by tetrad analysis of a cross between cdc23-1 and a strain containing a deletion of the ubiquitin-conjugating enzyme UBC4. Whereas cdc23-1 and ubc4A single mutants proliferate reasonably well at 25°C, double mutant spores germinate but arrest as large budded cells after 1-3 divisions (data not shown). The UBC4 gene has recently been identi- 
Onset of CLB2 Proteolysis in Early Anaphase
Our discovery that genes needed for cyclin proteolysis are also needed for the onset of anaphase is consistent with the inhibition of sister chromatid separation in Xenopus extracts by high levels of an N-terminal cyclin B fragment containing an intact destruction box (Holloway et al., 1993) . Both observations indicate that anaphase might be dependent on the destruction of proteins that inhibit sister chromatid separation by the machinery that destroys cyclins. The synthetic lethality of cdc23-1 and ubc4 mutations is consistent with the notion that the essential anaphase function of CDC23 concerns proteolysis. We therefore speculate that CDC16 and CDC23 might be needed for proteolysis not only of CLB2 but also for proteolysis of proteins that inhibit sister chromatid separation. This hypothesis predicts, however, that the onset of CLB2 proteolysis should coincide with the onset of anaphase, which is contradicted by the observation that CLB2 protein does not disappear in cdc15 mutants as they undergo anaphase (Surana et al., 1993) . To clarify the issue of when exactly CLB2 proteolysis is inititated, we used a pair of cdc15-2 strains that lack an endogenous CLB2 gene but contain a single integrated copy of either pGAL-CLB2 or pGAL-CLB2zlDB. Cells growing in raffinose medium at 25°C were arrested in mitosis by addition of nocodazole. The CLB2 or CLB2ADB proteins were then induced from the GAL promoter, probably to higher than normal levels. In nocodazole-arrested cells, CLB2 is stable and accumulates rapidly ( Figure 5A) . Both cultures were then released at 37°C into yeast complete media lacking nocodazole, which prompted the cells to undergo anaphase in the absence of CDC15 function and to arrest in telophase ( Figure 5B ). The bulk of CLB2 protein that had accumulated during the nocodazole arrest disappeared upon release into the cdc15 arrest, but a small fraction (approximately 5%-10%) of the protein appeared refractory to proteolysis, in contrast, none of the CLB2ADB protein was degraded. CLB2-associated kinase behaved similarly to CLB2 protein. In a similar experiment using pGAL-CLB5 and pGAL-CLB5ADB, both the CLB5 protein and, more slowly, the CLB5ADB protein were completely degraded upon release from nocodazole ( Figure 5C ). We conclude that destruction box-mediated proteolysis of CLB2 is initiated at the onset of anaphase even in the absence of CDC15 function, but that a subset of CLB2 protein is protected from proteolysis until genes like CDC15 can complete their function.
Sister Chromatid Separation but Not Anaphase B Needs CDC23
The lack of anaphase in cdo23-1 mutants could stem either ~ o ~ rain. from a failure to activate the correct spindle motors or from a failure to separate sister chromatids. If the latter were the only defect, which could be due to a failure to degrade proteins that have been proposed to hold sister chromatids together (Holloway et al., 1993) , then preventing the formation of sister chromatids in the first place, by inhibiting DNA replication, might restore at least anaphase B.
To overcome checkpoint controls that inhibit nuclear division when replication is incomplete, we blocked DNA replication by repressing transcription of the CDC6 gene, which encodes a protein needed for the initiation of DNA replication (Bueno and Russell, 1992) . Cells whose endogenous CDC6 gene has been deleted can be kept alive by a CDC6 gene expressed from the MET3 promoter. Addition of rnethionine causes cells to accumulate almost immediately with a 1N DNA content, indicating that DNA replication depends on recently synthesized CDC6 protein. Unlike most other replication defects, this does not halt cell cycle progression. Cells continue to enter anaphase with little or no delay, but individual unreplicated chromosomes are segregated intact to one or the other pole (S. P. and K. N., unpublished data). Thus, the mutant cells undergo a "reductional" anaphase.
If the essential role of CDC23 at the metaphase to anaphase transition is sister chromatid separation, then the reductional anaphase that cells undergo in the absence of CDC6 might also occur in cdc23-1 mutants. To test this, a /Icdc6 pMET-CDC6 cdc23-1 strain was incubated at 25°C for 3 hr in the presence of methionine, during which period G1 daughter cells were born in the absence of CDC6 protein synthesis. These daughter cells were isolated by centrifugal elutriation and incubated at 37°C in the continued presence of methionine. The double mutant cells largely failed to replicate their DNA ( Figure 6A ). Many cells arrested without attempting nuclear division (the MET-CDC6 replication block is not 100%), but about 60% of the large budded cells segregated their DNA toward opposite poles of the cell (Figures 6B and 6C ). Immunofluorescence with anti-tubulin antibodies indicated that spindle poles underwent considerable separation. In most cases, the spindles appeared broken. In contrast, single cdc23-1 mutants treated in the same manner arrested uniformly with undivided nuclei (data not shown, but similar to Figure 3B ). The crucial point is that cdc23-1 cells with pairs of sister chromatids failed to enter anaphase, whereas cdc23-I cells with single chromatids in many cases underwent certain aspects of anaphase. These data suggest that the primary function of CDC23 may be to trigger separation of sister chromatids.
Viability of cdc23.1 at 25°C Depends on CLB2
The involvement of CDC23 in CLB2 proteolysis prompted us to test whether the phenotype of cdc23-1 mutants might depend, at least partially, on CLB2. Tetrad analysis of a cross between a c/b2::LEU2 strain and the cdc23-1 mutant showed, surprisingly, that clb24 cdc23-1 double mutants are inviable at 25°C. Double mutant spores germinate and undergo several divisions before arresting as large budded cells (data not shown). This synthetic lethality is highly specific, because cdc23-1 is viable when combined with c/bl, clb5, and c/b6 single mutants, with clb3 c/b4 and clb5 clb6 double mutants, and with clbl clb3 clb4 triple mutants, many of which are affected in their cell cycle progression as severely as clb2 single mutants. The function of CDC23 in nuclear division appears to be dependent on a mitotic CLB-CDC28 kinase.
Discussion
Through the isolation of mutants, we have identified three genes, CDC16, CDC23, and CSEI, which are essential for CLB2 proteolysis during G1 and (at least in the case of CDC16 and CDC23) during anaphase, cdc16-123, cdc23-1, and csel-22 mutants increase the half-life of CLB2 during G1 from 1 min to more than 25 min, which is comparable to the stability of CLB2 during S and G2 phase (Amon et al., 1994) . Proteolysis of other unstable proteins, SWI5, N-end rule proteins, and CLB5, is not significantly dependent on CDC16, CDC23, and CSE1, indicating that these genes are not part of a general proteolytic pathway. We do not know yet what function, mechanistical or regulatory, these genes have in cyclin proteolysis. The lethality of ubc4 cdc23-1 double mutants at 25°C indicates that CDC23 promotes ubiquitin-mediated proteolysis.
CDC16 and CDC23 encode proteins that form a complex with the product of CDC27. All three genes are members of the TPR family and are essential for the onset of anaphase (Lamb et al., 1994) . Our failure so far to identify an allele of CDC27 does not mean that it is not involved in cyclin Proteolysis of an unknown protein that prevents sister chromatid separation (inhibitors of sister chromatid separation, or ISS) is essential for the metaphase (M) to anaphase (A) transition. Preteolysis of ISS and of CLB2 is dependent on CDC23 and might be initiated simultaneously. A fraction of CLB2 and its associated CDC28 kinase is protected from the proteolytic machinery throughout anaphase (by a hypothetical "protector", P), and this prevents disassembly of the anaphase spindle. A signal transduction pathway involving the CDC15 protein kinase and a GTP binding protein (TEM1) activated upon completion of anaphase mediates deprotection of the remaining CLB2, which is then destroyed. This causes the transition from late anaphase to G 1.
proteolysis. The CDC16-CDC23-CDC27 complex appears highly conserved among eukaryotes, because homologs of CDC16 and CDC27 exist not only in Schizosaccharomyces pombe and Aspergillus nidulans (Goebl and Yanagida, 1991) but also in humans. The human CDC16 and CDC27 proteins also interact with each other, and microinjection of human CDC27-specific antibodies into HeLa cells causes them to arrest in metaphase (Tugendreich et al., 1995 [this issue of Cell] ). Human CDC16 and CDC27 proteins colocalize to the centrosomes and the mitotic spindle. The CSE1 protein might be important for nuclear envelope function, because the protein is located on the periphery of nuclei (A. Schroeder and M. Fitzgerald-Hayes, personal communication) and cold-sensitive csel-1 mutants can be suppressed by multicopy plasmids containing the SRP1 gene (Xiao et al., 1993) . SRP1 is preferentially localized to the nuclear pore and seems to have a role in nuclear transport (Yano et al., 1994) . Communication between nucleus and cytoplasm could be important for CLB2 proteolysis.
Proteolysis and the Onset of Anaphase
Our data suggest that CLB2 proteolysis is initiated at the beginning of anaphase, but a fraction of CLB2 is protected from destruction in the absence of CDC15 function ( Figure  7) , The rnetaphase arrest of cdc16-123 and cdc23-1 mutants cannot easily be explained by defects in B-type cyclin proteolysis alone, because hyperaccumulation of CLB1, CLB2, and CLB3 delays exit from and not entry into anaphase (Surana et al., 1993; Stueland et al., 1993) and because proteolysis of CLB5 is not noticeably CDC23 dependent. We therefore speculate that CLB2 proteolysis might be part of a more general proteolysis program that is dependent on CDC16 and CDC23 and needed for the onset of anaphase. Consistent with this notion is the observation that high concentrations of an N-terminal cyclin B fragment with an intact destruction box inhibits sister chromatid separation in mitotic Xenopus extracts (Holloway et al., 1993) . We presently do not know what proteins might need to be degraded for anaphase onset. Our observation that CDC23 is not needed for anaphase B in the absence of sister chromatids ( Figure 6 ) suggests that its main function may be to promote sister chromatid separation, for which proteolysis may be necessary. It has been proposed that sister chromatid separation might need destruction boxmediated proteolysis of a "glue-like" protein that holds sisters together (Holloway et al., 1993) . CDC16 and CDC23 could of course have a metaphase/anaphase function unrelated to proteolysis, but the synthetic lethality of ubc4 and cdc23-1 mutations suggests otherwise.
A key question is what triggers CDC16-CDC23-mediated proteolysis. Our discovery that deletion of CLB2 is lethal in cdc23-1 mutants at 25°C may provide a clue. This synthetic lethality could be explained if CDC23 and CLB2 both had important roles in triggering anaphase. Such a notion would be consistent with the observation that cyclin B but not cyclin A can drive Xenopus extracts to a state in which both types of cyclins are degraded (Luca et al., 1991; Lorca et al., 1992) . CLB-CDC28 kinases, in particular CLB2, might directly activate the CDC16-CDC23 proteolytic program needed for anaphase, exit from mitosis, or both. Unlike CDC16 and CDC23, CDC28 is not needed to maintain proteolysis once cells enter G1 phase (Amon et al., 1994) . We speculate that CDC16-CDC23-dependent proteolysis might be regulated by a cell cycle-dependent inhibitor, which is inactivated at the metaphase/anaphase transition by the CLB2-CDC28 kinase, remains inactive during the ensuing G1 period, and is reactivated by CLN-CDC28 kinases at START. According to this notion, there may be at least two classes of genes involved in B-type cyclin proteolysis: those that are needed both during anaphase and G1, like CDC16 and CDC23, and those, like CDC28 and CLB2, that are merely required to relieve an inhibition of the proteolytic machinery at the onset of anaphase. This notion could also explain why microtubule depolymerization prevents CLB2 proteolysis in M but not in G1 phase.
A Function for CDC28 during Anaphase?
The fraction of CLB2 protein that is proteolysis resistant in cdc15 mutants seems to depend on the amount of CLB2 protein produced by the cell. It is around 5% when CLB2 is overproduced ( Figure 5A ) and around 20%-50% when expressed from its endogenous promoter (data not shown), which suggests that a set amount of CLB2-CDC28 kinase is protected. What function might this protection serve and why does it persist in cdc15 mutants?
One explanation is that CLB-CDC28 kinases are needed during anaphase for extension of the mitotic spindle and to maintain its integrity. Thus, cells may initiate CLB proteolysis at the onset of anaphase but save some CLB kinase for spindle elongation during anaphase. Alternatively, maintaining an active CLB-CDC28 kinase throughout anaphase might ensure that cells neither exit mitosis before chromosome segregation is complete nor initiate G1 events like DNA replication before completion of anaphase.
CDC15 encodes a protein kinase (Schweitzer and Philippsen, 1991) and is just one of several proteins needed for dismantling mitotic spindles and reentry into a new cell cycle. Others are protein kinases encoded by CDC5 (Kitada et al., 1993) and DBF2 (Johnston et al., 1990) , a potential tyrosine phosphatase encoded by CDC14 (Wan et al., 1992) , a GDP/GTP exchange factor encoded by LTE1, and a GTP-binding protein encoded by TEM1 (Shirayama et al., 1994) . We hypothesize that cells in the process of anaphase produce a factor that protects, possibly stoichiometrically, sufficient CLB-CDC28 kinase to ensure spindle elongation, S phase inhibition, or both. We further propose that the CDC15 class of proteins are needed to trigger inactivation of the hypothetical CLB protector when anaphase is complete.
Experimental Procedures Yeast Strains and Media
All yeast strains were derivatives of W303 (K699). Strains containing pGAL-CLB2, pGAL-CLB2ADB (Amon et aL, 1994) , pGAL-CLBS, pGAL-CLB5ADB (Schwob et ai., 1994) , and pGAL-SWl5 (Moll et al., 1991) were described earlier. Standard genetic techniques were used for manipulating yeast strains (Rose et al., 1990) . For complete medium, YEP supplemented with 2o/o of either glucose (YEPD), raffinose (YEPraf), or raffinose plus galactose (YEPraf+gal) was used. For medium lacking methionine, synthetic medium supplemented with amino acids (Rose et al., 1990) , which contained either 2% glucose (MetGlu÷), raffinose (Met-Raf*), or raffinose plus galactose (Met RaP Gal ÷) was used.
Plasmid Constructions Standard protocols were used for DNA manipulation (Maniatis et al., 1982) . To generate pGAL-CLB2-LacZ fusions, a PCR-amplified EcoRI-Sall CLB2 fragment was created ranging from the AUG start codon to the end of the CLB2 coding region lacking the seven last amino acids of the CLB2 coding region. This and a BamHI-EcoRI GALI-IO promoter fragment were cloned into Ylplac211 (Gietz and Sugino, 1988) . A LaoZ Sail-Sail fragment (Casadaban et ai., 1983 ) was inserted, thus creating an in-frame pGAL-CLB2-LacZ fusion gene.
Mutsgenesis and Isolation of Mutants
Mutagenesis was performed with derivatives of a yeast strain (K3413) deleted for G1 cyclins (clnl, tin2, cln3) that is kept alive by a pMET-CLN2 fusion (Amon et ai., 1994) . Such strains carrying the pGAL-CLB2-LacZ fusion (K3827, MATa; K3828, MATs), grown to OD~o 1.0 in Met-Glu ÷ medium, were mutagenized with EMS to 30% survival. Mutagenized cells were grown to single colonies on Met-RaP plates at 25°C, transferred to nylon membranes (Amersham), and put on Met-RaP plates containing 2 mM methionine to arrest the cells in GI.
After 3 hr, membranes were shifted to Met-RaP Gal* plates containing 2 mM methionine and incubated for 2 hr at 37°C. Cells were permeabilized in liquid nitrogen, and I~-galactosidase assays were performed (Guarante, 1983) . Blue colonies were identified after 2-6 hr. For most experiments, versions of cdc16-123 and csel-22 backcrossed to K699 wild-type background and the cdc23-1 mutant (also K699 background) were used.
Growth Conditions and Cell Cycle Arrests
Prior to each arrest, cells were grown to log phase (OD~ 0.3 to 1).
When a gene was expressed from the GALI-IO promoter, cells were pregrown in YEPraf or Met-RaP and induced by the addition of 2% galactose.
To arrest cells in G1 with pheromone, 5 p.g/ml or 0.5 p.g/ml a factor was added to BAR1 or to bar1 strains, respectively. To arrest clnl, cln2, cln3, pMET-CLN2 strains in G1, methionine was added to a concentration of 2 mM. To arrest cells in mitosis with the microtubule-depolymerizing drug nocodazole, 15 p.g/ml nocodazole was added. For releasing cells from a nocodazole block, cells were filtered, washed, and released in medium containing 1% DMSO.
Western Blot Analysis, In Vivo Labeling, and Immunoprecipitstion
Western blot analysis was performed as described by Surana et al. (1993) with the exception that the enhanced chemiluminescence detection system (ECL, Amersham) was used instead of labeled iodide. Antibodies were used in 1:2000 (CLB2), 1:1000 (CDC28), 1:5000 (SWl5), and 1:100 (HA,12CA5) dilutions.
In vivo labeling of yeast cells was described by Amon et al. (1994) . Prior to each labeling, cells were arrested with a factor. Cells (10 OD~) were resuspended in 1 ml Met-RaP Gal ÷ medium.
[~S]methionine (0.5 mCi) was added for 5 min (pulse), followed by the addition of 2 mM unlabeled methionine and incubations for 20-40 min (chase). Control cultures for analyzing budding index and DNA content were grown under identical conditions except that [~S]methionine was missing.
For immunoprecipitations (Moll et al., 1991) , antibodies were used in 1:50 (CLB2) and 1:100 (SWl5) dilutions. After SDS-PAGE, bands were visualized on X-ray films (Kodak) and quantitated with a gel scanning program (BIOPROFIL, Vilber Lourmat, France).
Other Techniques
Histone H1 kinase activity was determined using the protocol of Surana et al. (1993) . Small daughter cells were elutriated as previously described (Schwob and Nasmyth, 1993) . The DNA content of propidiumiodide cells was measured on a Becton-Dickinson FACScan as described by Epstein and Cross (1992) . Nuclei visualization by DAPI and tubulin-staining was described by Nasmyth et al. (1990) . Centromeras were visualized according to the fluorescent in situ hybridization (FISH) protocol of Guacci et al. (1994) .
